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ABSTRACT

Micron-size droplets of liquid Hp, O,, and H,0 re-
leased in space during normal operations on Apollo lunar mis-
sions quickly freeze and reach equilibrium where the loss of
energy from sublimation and emission of radiation just
equals the absorption of radiation that is incident from
the earth and the sun. For H, and O, the emission of
radiation is negligible compared to sublimation but for
H,O0 it is very important and increases particle lifetimes
significantly, Typically, at an altitude of 400 miles, where
the earth is an important infrared source, sunlit particles
decrease in radius with e-folding times of 15 (H,), 120 (03),
and 1200 (H,0) secs. In cislunar space these times increase
roughly by an order of magnitude. The accuracy of the re-
sults for H, and O, is limited by experimental uncertainties
in the imaginary part of the index of refraction for these

materials.
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INTRODUCTION

Water, liquid oxygen and liquid hydrogen are released in
space during normal operations on Apollo lunar missions. Many
such releases have been photographed from the ground and pro-
vide an opportunity to study the behavior of small particles
of these substances in space [Lundquist 1969, Buffalano 1969,
Edwards 1962]. A photograph taken during the Apollo 8 mission
is shown in Figure 1. Studies of these particles are important
for describing the spacecraft environment [Newkirk 1967, Kovar
1969, Grobman 1969, McPherson 1967] and for understanding the
physics of interplanetary particles [Delsemme 1969, Franklin
1965, Kieffer 1968, Plummer 1969] and interstellar grains
[Gehrels 1967, Wickramasinghe 1967, Krishna Swamy 1969].

Photo reduction of this kind of data requires a com-
prehensive model including both the particle motions in space
and their size histories. This paper deals in detail with the
second problem, the calculation of the size and temperature
histories of water, oxygen and hydrogen droplets in the 0.1-100u
range. This range was chosen because we believe it includes the
particles to be found in the Apollo releases.

The important physical processes are particle subli-
mation and emiséion and absorption of radiation. Our results
show that the droplets freeze immediately, then rapidly reach
temperatures where an energy balance is reached among these
competing processes. Subsequent temperature changes occur
as the continuous sublimation reduces the size of the par-

ticles and thereby reduces the absorption.
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CONSERVATION EQUATTIONS

Let E, and E_, be the rate of loss of energy per unit

S R
surface area of a solid spherical particle of radius r and
temperature T through sublimation and through emission of
radiation, respectively. Let EA be the rate of gain of energy
per unit cross-sectional area through absorption of radiation.
Let p and C be the density and specific heat and HS be the heat
of sublimation of the particle. These quantities are, in gen-
eral, functions of the temperature and radius of the particle.

The energy balance equation can be written as
30270027 - upp? [e_(m) 4+ B (1) - L E,(2) (1)
3 5t " S + SR F oAt

The time rate of change of radius is given by
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Equations (1) and (2) are coupled first order differential
equations whose solutions give T(t) and r(t).

SUBLIMATION

The rate at which sublimation removes energy from a
particle depends directly upon the rate at which molecules leave
the surface. This rate depends on the temperature of the
particle and is the same whether the particle is in vacuum or
in equilibrium with its own vapor. Since the molecular loss

rate can be easily calculated when the particle is in equilibrium
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with its vapor [Dushman 1949], one obtains for the energy

loss rate in vacuum

_ m
Bg = o \/zmer Hs (3)

where P is the equilibrium vapor pressure, m is the mass of
a molecule, k is the Boltzmann constant and o is the accommodation
coefficient, i.e., the fraction of molecules which impact the
surface and are absorbed from the vapor phase by the solid at
equilibrium.

The heat of sublimation at a given temperature is
related to the vapor pressure of the substance by the Clausius-

Clapeyron equation [Huang 1963].

n. = KI? o(1nP)
S m §T ()

This relation has been used in these calculations for H,0 and
0,. However, the temperatures for H, will be found to be so
low that this relationship is not valid [Kelley 1935] and a
constant value of 122 cal/gm will be used. This is the
sum of the latent heat of fusion and the heat of vaporization
at 14°Kk.

It has been found experimentally that the accommodation
coefficient is very nearly unity when a vapor is in equilibrium
with a solid of similar material [Dushman 1949]. Therefore

in subsequent calculations o has been taken to be one.
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The vapor pressure for a large plane surface for
all the substances can be written in the form

logyo P (atm.) = p + % + s logyy T + uT + vT2 (5)

The coefficients p to v are given in Table 1, for the tem-
perature ranges of interest [Kelley 1935]. It 1is well known
that the vapor pressure of small liquid droplets exceeds the
vapor pressure of a plane surface of the liquid [Huang 1963];
however, the vapor pressure correction is very small for par-
ticles larger than 0.1y and will subsequently be neglected.
The densities of H,0, 0, and H, are taken to be

1.0, 1.4 and 0.08 gms/cms, respectively. The specific heat

of ice 1s taken as

C = (3.11 + 0.174 T) 1072 cal/gnm, (5a)
and for oxygen as [Kelley 1935]

C = (=7.97 + 0.969 T) 1072 cal/gm, 24 < T < 44

0.345 cal/gm, 44 < T < 54 (5b)

For hydrogen, experimental values (Orttung 1962) are approxi-

mated by
T 3
C = (0.125 + 0.010 T) |35 cal/gm, T <14° K
= 0.57 cal/gm, T > 14° K (5¢)

ABSORPTION OF RADIATION

The sun and the earth are the major sources of the

radiation that is incident upon the particle. Let F(XA) be
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the total radiation flux incident upon the particle, i.e.,
the amount of energy incident per unit time per unit cross-
sectional area per unit wavelength. Also let Q(A) be the
absorptivity defined as the fraction of the incident energy
absorbed at the wavelength A. Then the rate at which energy

is absorbed by a unit cross sectional area of the particle can

P
E, = f 0(x) F(x) da (6)
o]

It is assumed that the earth and the sun radiate

be written as

energy as black-bodies, and consequently the flux which is

incident on the particle depends upon their temperatures.

F()) = ), B, Ty) W (7)

sources

where B is the Planck's black-body radiation function

21h c? ) 1 \ (8)
35

B.(>‘l TB) =

and W is the view factor which depends upon the distance of
the particle from the source and upon the law of emission
from its surface. View factors for the earth's black-body
emission and for the earth's reflected visible sunlight

are given in Figure 2. In both cases the earth is

assumed to be a Lambert sphere [Pearse, 1963]. Because of its

great distance, the sun's view factor reduces to (RO/RAU)2

where Ro is the radius of the sun and RAU is an astronomical unit.
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The black-body temperature of the earth is taken
as 280°K based upon experiments above the atmosphere [Valley
1965; Prabhakara 1968] when the seasonal and polar variations
(n MOOK) are neglected. The corresponding Planck's function
has a peak at 10.4y, in the infrared. The black-body tempera-
ture of the sun is taken as 5900°K and the Planck's function
is peaked at 0.5u. If the particle is near the earth, reflected
sunlight is also important. Thirty percent of the energy fall-
ing on the earth is taken to be reflected [Valley 1965].

The absorptivity Q is not only a function of
the wavelength but also depends upon the size of the particle.
Direct experimental data on Q for H,0, 0, and H, for all
wavelengths of interest are not available so one turns to
Mie theory for spherical particles [Van de Hulst 1957]. One
can express the absorptivity as a function of the complex in-
dex of refraction n(x) = n;(A) - in, () and x, which is defined
as 2rr/A. The absorptivities have been numerically calculated
for a variety of values of ny and n, (Plass 1966), However,
a modified analytic function due to Van de Hulst is used to

calculate the absorptivity for n; < 1.5, n, < 1, and x > 0.5

Q=21’11

NOf
+
+

w Z ’ (9)

where w = 4nsx. For small values of x (<0.5), the Rayleigh
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limit applies and the analytic expression [Krishna Swamy

1968]

24 ninys X (10\

Q:
(n12 - n22 + 2)2 + (2n1n2)2

is used to calculate the absorptivity directly.

For H,O0 the complex index of refraction is experi-
mentally available for the wavelength region of interest
[Greenberg 1968, Irvine 1968]. A constant n; = 1.33 is chosen
for all wavelengths and n, 1s shown in Table 2. Selection
of mean values in the visible and infrared is reasonable
since the black-body functions for the sun and the earth
have peaks in these wavelength. regions. For dirty ice, n,
in the infrared is taken as 0.35 and in the visible as 107 *%.
One of the biggest uncertainties in this treatment arises
due to lack of experimental knowledge of n()) for H, and O,.
Lattice vibrations from the solids could yileld character-
istic spectra in the infrared but such spectral data are not
available. For liquid para-H,, measurements of the dielectric
constant, as a function of the density of the liquid, yield
1.01 < ny < 1.15 for 0.01 < p < 0.10 gms/cms, At the density
of the solid, n; is 1likely to be 1.10 [Wickramasinghe, 1968] .
The values of n, used are shown in Table 2., According to re-
cent studies [Krishna Swamy 1968] the value of n, for H, may
rise as high as 0.05 if there are trapped impurities and
radiation damage, otherwise pure H, is a perfect dielectric

with zero absorptive index in the visible and it is not likely
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to vary appreciably with A [Wickramasinghe 1968l1. 1In the
absence of other data the same values are chosen for 0, as
for H,. Even though the precise values of np for 0, and H,
are not known, they are likely to be smaller than those for
H,0 which is a more complex crystalline substance and has
large absorption in the infrared [Whalley 1969].

EMISSION OF RADIATION

The radiation emitted by a black-body is character-
ized by its temperature alone but for real materials it is
customary to define a spectral emissivity e(A) as the fraction

of black-body flux radiated at wavelength A. Thus

E, = e(r) B(x,T) dx

= eoT (11)

where ¢ is the Stefan Boltzmann constant and ¢ is an average
emissivity. Dependence of emissivity on the radius of the
particle is neglected in this treatment [Van de Hulst 1957].
It will be shown that emission plays no significant role for
Hy, and 0, even when ¢ is taken as one. For H,0, experiments
show that ¢ is likely to be greater than 0.94 [Griggs 19681,
so it will be taken to be one.

PHASE CHANGE

During Apollo missions, material is released as

a liquid near its freezing point. However, the evaporation

rate of the liquid is so high that in a very short time enough

material is evaporated to bring the drop to its freezing
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point. Continuing sublimation causes no change in the
temperature of the particle as the phase changes. If the
initial radius of the drop is r and the latent heat of
fusion is He then the radius, r, at the completion of phase
change is

: 1/3
tTE “"l"ﬁ_]
0
£ (12)
1+ J
s
and the time t required for the phase change is
pH r 1 1/3
v s 7o 1l -
t=—% He
s 1+ 5 (13)
s

If the latent heat of fusion is taken at 80 cal/gm for ice,

4 cal/gm for oxygen, and 14 cal/gm for hydrogen, then the change
in radius is always less than 5%, and the time required for the
phase change is less than 10"2 sec for the largest (100un) par-
ticle. A simple calculation shows that the time required for
heat transfer through the drop is of the same order of magnitude
so the actual time required for the phase change may be slightly
larger. It is also well known that solids exist in many phases
having quite different optical properties. Which of these phases
will be acquired by the freezing particles in vacuum is not clear,
hence the most common phases [Kelley 1935] are assumed here.

RESULTS AND CONCLUSIONS

After the phase change is completed, continued sub-

limation and emission reduce the temperature of the particle
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until an equilibrium is reached with absorption. Figures 3,4,

5 are typical energy diagrams for particles near the earth.

The temperature scale in each diagram is chosen to include the
range in which 1-100u solid particles come to equilibrium. Since
absorption is temperature independent, a drop will quickly reach
thermal equilibrium where the absorption line crosses the com-
bined sublimation and emission curves. For example, a 100y
oxygen particle will reach equilibrium at 40°K (Figure 4). If
the absorption cross section were only proportional to the area
then particles of all sizes would reach the same equilibrium
temperature. Since Mie cross sections are used, drops of
different sizes will reach different equilibrium temperatures.
As the drop continues to sublime and change size it will slowly
ride down the energy curve toward lower temperatures continuously
assuming the equilibrium temperature appropriate for its size.
This behavior is clearly seen in Figure 6 for 0, particles of
different initial size. A very rapid decrease from the phase
change temperature to the equilibrium temperature is followed by
a much longer period of near constant temperature. Then as the
drop size changes the temperature again begins to fall. Water
and H, also show this behavior and reach equilibrium in 10 se¢
and lO—3 sec, respectively.

The energy diagrams also show that for 0, and H, in
the size and temperature ranges considered, sublimation is the
dominant energy remover so the choice of a particle emissivity
is unimportant. Furthermore, this means that the lifetimes of
0, and H, can be computed to the same accuracy as the absorption

is known. This is not the case for water where small errors in
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the absorption can produce very large errors in the lifetime.

Figure 7 shows the size history of particles ini-
tially 100u in radius. For H, and 0, the absorption is nearly
proportional to the radius so the particle radii decrease
exponentially. For water, however, particle size changes
very slowly once emission becomes the dominant process for
energy loss. Table 2 shows the e-folding times* for particles
both near and far from the earth in the sunlight, It also
shows the range in e-folding times introduced by uncertainties
in n, in the IR.

A more accurate analysis can be attempted when
experimental data on the index of refraction become avail-
able. Future studies and measurements may also provide
estimates of effects due to asphericity of the particles.

4.0 B st

A. C. Buffalano

Dot N Share

sh R. D. Sharma

ACB_

lOll—RDS

*Time for an e-fold decrease in the radius of the particle.
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FIGURE 1- SMITHSONIAN ASTROPHYSICAL OBSERVATORY
PHOTOGRAPH OF APOLLO 8 CRYOGEN RELEASE.




VIEW FACTOR (W)

0.1

FOR EARTH'S
BLACK BODY
RADIATION
FOR EARTH'S
ALBEDO

3 [ | ] i 1l l ] 1 I i L. 1 ]

0,01
0.1

1.0

_ ALTITUDE OF PARTICLE
RADIUS OF EARTH

FIGURE 2 - VIEW FACTORS

n




ENERGY li_ERGS/(CMZ-SEC)]

100 u

- /sou

ABSORPTION /
(E > 0 1

A

g

4

SUBLIMATION
(ES)-

THERMAL RADIATION
(ER)

e

i 1 Y

4 5 6

TEMPERATURE (°K)

FIGURE 3 - ENERGY DIAGRAM FOR H2 (ALT. 400 MILES)




ENERGY [ERGs/emZ-sec)]

10 /
10’
SUBLIMATION
ok E)
100 «
1 /
10 50
ABSORPTION /
(EA> 10u
ok \4
Su
3 THERMAL RADIATION
10
(ER)
/////‘
"
"
G
-—
10° / —
/
+
/
]
)
101 Ll | 1 | |
25 30 35 40 45 50 55

TEMPERATURE (°K)

FIGURE 4 - ENERGY DIAGRAM FOR 02 (ALT. 400 MILES)




ENERGY [ERGS/(CME-SEC]

10
108 -
SUBLIMATION
(Eg)
10’k
106 B
100 u -
-
5 // ///
].0 N / 10'
ABSORPTION =107
E -
(__A_) 5u
4 /
10*F
1y /
/
/
/
10°F THERMAL RADIATION /
(Eg) |

I

|

|
102 : : L1 l 1

30 70 110 150 190 230

TEMPERATURE ("K)

FIGURE 5 - ENERGY DIAGRAM FOR HZO (ALT, 400 MILES)

210




TEMPERATURE (°K)

)

50

H-

100 INITIAL SIZE
104 INITIAL SIZE

40 - \
1.0x INITIAL SIZE
35| s
304
25 1 | 1 1 I ] 43
107 107 1072 10"} 10° 10*! 10" 10
TIME (SECS)

FIGURE 6 - TEMPERATURE HISTORY OF 02 PARTICLES (ALT. 400 MILES)




RADIUS (MICRONS)

100

SUBLIMATION
DOMINATED
10 4 EMISSION
DOMINATED
1.0
0.1 bl | 1 ! | |
0 1,000 2000 3, 000 4,000 5, 000 6, 000
TIME (SECS)

FIGURE 7 - SIZE HISTORY OF PARTICLES (ALT. 400 MILES)




TABLE L

COEFFICIENTS FOR VAPOR PRESSURE

TEMPERATURE
SUBSTANCE |  RANGE p q s u y
0
k)
H; T<14 -1.1108 -40, 123 2.5 0 0
0, T<24 1,086 454, 64 5. 084 -0, 0356 0
24<T <l 0. 819 452,02 4.782 -0, 0339 0
M<T<54 9. 516 478,25 2,055 0 0
HA0 <273 1,673 21612 3,856 0.0034 | -487x10°

* SMALL CORRECTIONS FOR HYDROGEN BELOW 7°K




TABLE 2. INDEX OF REFRACTION AND e-FOLDING TIMES
n(A) =N, (A) - in, (A)
1 2
e-FOLDING TIMES UNCERTAINTY RANGE
SUBSTANCE N n, n, (SECS) NEAR EARTH (ALT. 400 MILES)
BSTANCE] g cnceo | ac2u | A>2¢ [CIS-LUNAR | NEAR EARTH | n (x>2x) | e-FOLDING
SPACE  |ALT 400 MILES| 2 TIMES
H,0 133 .0001 | 0.05 9500 1200* 0.05 - 0.35 | 1200-200
H, 1,10 | 0.0001 | 0.01 36 15 0. 0001-0. 1 27-5
0, 110 | 0.0001 | 0.01 320 120 0.0001-0. 1 250-30

# FOR SUBLIMATION DOMINATED REGION (SEE FIG. 7)
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